O = 76 ± 16 ppm (2σ SE) was found in water vapor samples from Alert relative to CLP. We propose that the positive oxygen isotope anomalies observed at Alert originated from stratospheric ozone, were transferred to water in the stratosphere, and subsequently mixed with tropospheric water at high latitudes as the stratospheric air descended into the troposphere. On the basis of this ground signal, the average Δ
O relative to Chicago local precipitation (CLP). The latter was chosen as a reference because the relatively large evaporative moisture source should erase any possible oxygen isotope anomaly from the stratosphere. A mass-dependent fractionation coefficient for meteoric waters, λ MDF (H 2 O) = 0.529 ± 0.003 [2σ standard error (SE)], was determined from 27 CLP samples collected in 2003−2005 . An oxygen isotopic anomaly of Δ
17
O = 76 ± 16 ppm (2σ SE) was found in water vapor samples from Alert relative to CLP. We propose that the positive oxygen isotope anomalies observed at Alert originated from stratospheric ozone, were transferred to water in the stratosphere, and subsequently mixed with tropospheric water at high latitudes as the stratospheric air descended into the troposphere. On the basis of this ground signal, the average Δ R ecent studies have shown that non-mass-dependent (NMD) fractionation of oxygen isotopes exists in several chemical species within the stratosphere, originating predominantly in ozone and transferred to other molecular species (e.g., refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] (12) .
Upper tropospheric and lowermost stratospheric water vapor samples were collected over New Zealand by aircraft flights in August and October 2004 (13) . This is the only available direct sampling of stratospheric water vapor with subsequent analyses by isotope ratio mass spectrometer (IRMS) at a good precision, considering the continuous flow method used. Δ 17 O of water from the lowermost stratosphere was found not to exceed 2‰. However, due to the difficulties involved in (higher) stratospheric water vapor collection, in situ observations of Δ
O in the source region (middle and upper stratosphere) are still lacking and hence its values are poorly constrained by data. Remote sensing data with good precision is currently available only for upper tropospheric water with relatively higher water vapor mixing ratio (14) .
In this study we conducted oxygen isotope analysis on tropospheric water samples, specifically high-latitude water vapor from Alert, Canada (82°30′N, 62°19′W) collected in 2003−2005, in an attempt to detect Δ
O of stratospheric origin and to infer its values in the source region. It is well known that stratospheric air descends into the troposphere at high latitudes along the downward branch of the Brewer-Dobson circulation (BDC) (e.g., refs. [15] [16] [17] [18] . In the ascending branch of the BDC in the tropics, part of the rising air reaches to about 100 hectoPascal and then moves horizontally to 60°N and 50°S and descends, but the rest of the air reaches higher altitudes in the stratosphere before descending over the poles (19) (20) (21) . It is therefore expected that a significant fraction of the descending air at high latitudes has recently sampled the source region of Δ 17 O and that the isotopic signal of stratospheric water may be transported into the troposphere. If dilution due to mixing is weak, a trace of the oxygen isotope anomaly (i.e., NMD signal) may be observed in the water vapor in the high-latitude air.
Some stratospheric air also intrudes the troposphere in the extratropics through synoptic tropopause fold events (17) . To explore the possibility of an oxygen isotopic anomaly entering tropospheric water through this route, high-altitude ice core samples from Dasuopu glacier in the Himalayas, China (28°23′N,  85°43′E ice core samples in the glacial period can decrease by ∼20 ppm, and that of water vapor and precipitation from the North Greenland Eemian Ice Drilling (NEEM) camp was 35 ± 13 ppm (23, 24) . These 17 O excess values were suggested to be due to a diffusion effect that varies with parameters such as RH and supersaturation. Average 17 O excess of meteoric waters was recently measured to be 37 ppm and was suggested to be partially due to a diffusion effect and partially due to a condensation effect (26) . From the above, precipitation has positive 17 O excess relative to seawater and was suggested to have to do with a diffusion effect in the source regions. Tables S1-S3 O relative to CLP are described in detail below.
Results

Results are summarized in
Mass-Dependent Fractionation Coefficient λ MDF of Water. To identify non-mass-dependent fractionation, the mass-dependent fractionation coefficient, λ MDF , must first be determined. The λ MDF is specific for a given chemical species and fractionation process. In this study, local rain and snow samples were analyzed to determine a λ MDF (H 2 O) for meteoric waters. Sources of meteoric waters in Chicago and northwest Indiana are the Gulf of Mexico and Lake Michigan. With relatively large evaporative moisture flux at midlatitudes, any oxygen isotope anomaly transported downward from the stratosphere is erased.
Chicago local precipitation defines a mass-dependent fractionation line with a slope of 0.529 ± 0.003 [2σ standard error (SE)] and an intercept of 0.071 ± 0.034‰ (2σ SE) (Fig. 1 ). Within uncertainty, this value of λ MDF (H 2 O) is consistent with λ = 0.529 ± 0.001 experimentally determined and theoretically calculated for the equilibrium fractionation of water (29) , the fractionation coefficient λ = 0.528 ± 0.002 (combined error at 1σ level) of natural waters (30) , and λ = 0.528 ± 0.000 of meteoric waters (26) . The λ MDF (H 2 O) determined in this study is higher than the theoretical value λ = 0.518 (31, 32) and the experimental value λ = 0.519 (33) for kinetic diffusion of water vapor in air.
With an equilibrium λ MDF (H 2 O) = 0.529 and an intercept of 0.071‰, Δ 17 O relative to Chicago local precipitation (CLP) can be calculated by Table S3 ). In Fig. 2 , a 2σ error envelope is extrapolated from Chicago local precipitation, calculated using an excel sheet based on the least-squares fitting method (35) , taking the uncertainties in λ MDF (H 2 O) and intercept of Fig. 1 into consideration. The area inside the envelope represents mass-dependent fractionation, considering uncertainties involved in the measurements. A relatively large number of water vapor samples from Alert show significant positive anomalies, whereas no obvious oxygen isotopic anomaly is seen in SLAP and ice core samples from Dasuopu. We note that the vertical distances of the data points to the upper boundary of the envelope are less than those to the reference line, which are quantified by Eq. 1. Thus, the calculated Δ 17 O of 76 ± 16 ppm (2σ SE) should be taken as an upper estimate of the anomalous signal. A stacked seasonal cycle in Fig. 3 hints at a maximum of Δ 17 O during late spring and a minimum during the fall, which is similar to the seasonal cycle of downward mass flux across the extratropical tropopause in the northern hemisphere (36) and is opposite to the seasonal cycle of the Alert precipitation. This is consistent with the stratospheric origin of the Δ 17 O signal at Alert and indicates the effect of precipitation (which dilutes the anomalous signal). However, the seasonal variation of Δ 17 O is only suggestive due to irregular sampling intervals varying from 3 d to 3 mo, which also makes it difficult to assess the statistical significance. Table S5 shows that Alert snow collected in March 2011, analyzed at Laboratoire des Sciences du Climat et de l'Environnement (LSCE), Gif sur Yvette, France, has an average 17 O excess of 43 ± 5 ppm (2σ SE) relative to VSMOW.
Discussion
In this section, we first discuss the necessity to establish a MDF line of Chicago local precipitation as a reference, the negative Δ 17 O of VSMOW relative to CLP, and the difference in Δ 17 O of Alert snow from that of Alert water vapor. Then assuming that the tropospheric signal is affected by air from the stratosphere, we use a box model to estimate the Δ 17 O of stratospheric water. Finally, we discuss the possible sources of the oxygen isotope anomaly found in Alert water vapor. 
Mass-Dependent Fractionation Line for Meteoric
Water. An important issue is whether there is a need to determine the massdependent fractionation line of natural waters for reference. In measurements of a large number of meteoric waters and ice cores (30), a slope of 0.528 ± 0.002 (1σ combined error) was established. A recent measurement of meteoric waters gave a slope of 0.528 ± 0.000 (26) . For our study, it was necessary to determine a mass-dependent fractionation line for meteoric waters based on Chicago local precipitation, excluding those high-latitude waters that may possess oxygen isotope anomalies transported downward from the stratosphere. In addition, VSMOW is not a natural water, and therefore may not lie exactly on the meteoric water fractionation line, and should be excluded. The massdependent fractionation line of slope 0.529 ± 0.003 determined from this study based on Chicago local precipitation is a good reference. Considering the errors, our slope is consistent with those from previous studies. However, the utilization of CLP as a reference to quantify 17 O of about -70 ppm relative to CLP (Fig. 2 and Table S4 ). The physical VSMOW was made by distillation of seawater and admixture of other waters to make both δ 18 O and δD as close as possible to those of mean ocean water (37, 38) . This method of preparation does not guarantee that VSMOW should lie exactly on any experimentally determined mass-dependent oxygen isotope fractionation line for natural terrestrial materials. Recently the difference of 17 O excess between VSMOW and meteoric water was measured to be about -37 ppm (26), consistent with our result within uncertainties. The difference in 17 O excess between VSMOW and meteoric waters was suggested to be due to a kinetic diffusion effect from the source region of the meteoric water (26) .
Comparison of the Anomalies Observed in Alert Water Vapor and
Snow. Alert snow samples analyzed at LSCE have 17 O excess of 43 ± 5 ppm (2σ SE) relative to VSMOW (quantified with a λ = 0.528 by LSCE). Alert water vapor has an 17 O excess of 104 ± 16 ppm (2σ SE) relative to VSMOW (rather than CLP) if quantified similarly. Theoretically, it was predicted that water vaporsolid equilibrium fractionation coefficient λ vapor-solid is 0.529-0.5285 between 0°C and −40°C (24) . λ vapor-solid was determined to be 0.528 ± 0.001 by the observation of precipitation and water vapor at the Greenland NEEM camp (24) . Thus, the 17 O excess values quantified with a slope of 0.528 should not differ much for water vapor and snow. Both water vapor and precipitation from the Greenland NEEM camp were found to have the same 17 O excess values (24) . As for our Alert water vapor and snow data, there are two explanations for the apparent difference. First, the difference may be due to atmospheric variability. Interannual variations in stratosphere-troposphere exchange (STE), the subsequent variations in tropospheric transport, and dilution by tropospheric air could affect the surface measurement. The six Alert snow samples were collected in March 2011, whereas the Alert water vapor samples were collected over 2003−2005. From Table S2 and Fig. 3 (26) . However, few polar samples were analyzed in that study.
Connections to the Stratosphere. Due to the large uncertainty in Δ 17 O anomalies in the stratosphere and the complex nature of transport processes in the atmosphere, it is difficult to establish directly and unequivocally that the Δ 17 O anomalies at Alert are of stratospheric origin. Here we explore the plausibility of this idea by inquiring whether the oxygen isotopic anomalies in the Alert data are consistent with the stratospheric Δ 17 O anomalies predicted by chemistry models.
It is well known that the mean mass circulation in the meridional plane of the atmosphere is a single overturning cell (per hemisphere) called the BDC. The BDC is downward in the polar region and upward in the equatorial region, connected by a poleward branch in the upper troposphere and the lower stratosphere and by a returning equatorward flow in the boundary layer (15, 16, 39, 40) . In addition to the BDC, there is significant exchange of mass (mixing) between the equatorial and the polar region due to large-scale eddies (17) . A steady-state box model (SI Text) was developed with four boxes to represent tropical troposphere (tt), tropical stratosphere (ts), polar troposphere (pt), and polar stratosphere (ps), respectively, in the northern hemisphere, and there are transport and exchange between the boxes (Fig. S1 ). d ps , Δ 17 O of stratospheric water is quantified from d pt , Δ 17 O of Alert water vapor with parameters such as stratosphere-troposphere transport (STT) flux F, net evaporation (P−E) pt , and water vapor mixing ratios of polar troposphere and polar stratosphere, q pt and q ps , respectively (Table S6) .
With an upper estimate of average d pt = 76 ppm, the box model gives average d ps of about 40‰. The value of d ps is sensitve to the choice of F and (P−E) pt . If the STT flux coming from the deep stratosphere is greater than 10 10 kg·s
, the stratospheric Δ 17 O may be significantly smaller. With a tool as simple as a box model, the result obtained here should be taken as an order-ofmagnitude estimate, so that it is consistent with the photochemical model predictions of Δ 17 O of 0−30‰ (11, 12) . A much smaller Δ 17 O of ≤2‰ was observed for the lower stratospheric water (13) . This may be due to rapid adiabatic (isentropic) stirring associated with weather events, which can quickly dilute the stratospheric signal.
Despite the crudity of the box model, the synthesis shows that a stratospheric origin of the positive Δ
17
O observed at Alert is plausible.
Sources of Oxygen Isotope Anomalies in Alert Water. The oxygen isotopic anomalies we observed at Alert are small but positive, at 76 ± 16 ppm (2σ SE), relative to CLP. The positive signal can be explained by the transfer of a positive oxygen isotope anomaly from stratospheric ozone to water vapor, which then mixed into the high-latitude troposphere (where the tropopause is low) via downward transport. Supportive evidence is also from Antarctica. New Vostok snow pit data showed the coherence of 17 (41) . The observed anomalies at Alert are small relative to what was observed in the lowermost stratosphere and the values proposed for the stratospheric water by models are likely due to significant dilution of the stratospheric anomaly in the troposphere caused by lateral mixing with low-latitude air that has negligible Δ We suspect that the reason why the ice core samples from Dasuopu glacier, China did not show an oxygen isotope anomaly is that stratospheric air that reaches that location is primarily driven by synoptic tropopause folding events. These events tend to recycle the air mass within the lowermost layer of the stratosphere without reaching higher altitudes, so they cannot sample air with oxygen isotope anomaly from the source region. The air that is derived from the source region descends to the troposphere primarily in the polar region via the deep BDC.
An alternative/additional source of the positive anomalies in tropospheric water is tropospheric ozone. (44) , which is similar to the seasonal cycle we observed for Alert water vapor. In spring, NO x is available from photodissociation of nitrate in the snowpack. It was suggested that this NO x is then oxidized by BrO (having gained its positive anomaly from the reaction of Br with O 3 ) to nitrate (44) . We can speculate that the released NO from snowpack is oxidized by BrO to make NO 2 , which then exchanges with OH and finally transfers the anomaly to water. However, tropospheric ozone has much lower column density than stratospheric ozone and the exchange between NO x and H 2 O remains unexplored.
Conclusions
We observed an average Δ in late spring and a minimum in the fall, in phase with the net downward mass flux across the extratropical tropopause (36 (11, 12) . This value is much greater than the in situ observation of ≤2‰ reported for the lowermost stratosphere (13) . We suspect that the sampled air in the lowermost stratosphere had possibly been diluted by rapid exchange with tropospheric air with little oxygen isotope anomaly. In contrast, ice core samples from the Dasuopu glacier, Chinese Himalayas (1930 Himalayas ( −1991 China. The Himalayas, with over 100 separate mountains exceeding 7,200 m, contain the largest volume of ice outside the Polar Regions. All ice core samples (1930−1991) obtained for this study were from the longest core, C3, drilled in 1997 (45) .
The six snow samples were collected from the surface layer of the fresh snow around the Alert observatory in March 2011.
Analytical Method. This study followed the fluorination method developed for rocks and minerals (46) and for water (47) , based on the reaction 2BrF 5 + 2H 2 O → 2BrF 3 + 4HF + O 2 :
[2]
Milligram-sized samples of water were reacted with BrF 5 in a nickel vessel at 200°C to obtain high-purity product. O 2 gases were further purified through a 13× molecular sieve before being introduced into a Thermo Delta E IRMS. The laboratory standard O 2 gas was calibrated against VSMOW and had δ 17 O = 2.55‰ and δ (Table   S4 ). The δ 17 O and δ 18 O data in Table S4 fall on a mass-dependent fractionation line, indicating a small degree of isotope fractionation during preparation of O 2 . Almost all of the analyses carried out at the Chicago laboratory and also documented in this study were done in 2006 (48, 49) ; however, most of the VSMOW data were recorded before 2006 when calibration of the working standard varied. So the measurement uncertainties reported are the maximum errors that include calibration errors. The six Alert snow samples were sent to LSCE for measurement by Amaelle Landais. Water was fluorinated by CoF 3 for isotopic analysis by a Thermo Delta V IRMS (24) .
